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I. Introduction.

Our goal is to develop a novel, potent inhibitor of Stat3 as a therapeutic drug for prostate cancer
therapy. In the year 2003, carcinoma of the prostate accounted for an estimated 220,900 new
cancer cases and 28,900 deaths, including 30,200 deaths in the United States. Prostate cancer is
one of the most frequently diagnosed cancers and the second leading cause of cancer death in
American men. Current treatments for androgen-independent prostate cancer have not shown a
definitive increase in survival. The treatment options employed for patients with advanced and
metastatic prostate cancer are limited. Mounting evidence demonstrates that Stat3 is a critical
mediator of oncogenic signaling (1-3) and is active in 82% of prostate cancers (4), 69% of breast
cancers (5), 90% of head and neck cancers (HNSCC) (6), 71% of nasopharygeal carcinoma (7)
as well as in many other cancers. However, drugs targeting Stat3 have not been used to treat
prostate cancer. We propose a novel strategy to inhibit Stat3, which could be very useful in
development of prostate cancer therapy, and have developed a G-quartet oligodeoxynucleotide
(GQ-ODN), T40214, as a lead compound that preferentially inhibits the DNA-binding activity of
Stat3 among STAT protein members such as Statl, resulting in the suppression of Stat3-
regulated genes, bcl-x and Mcl-1, in cancer cells (8). We also have constructed a model of GQ-
ODN binding onto Stat3 homodimer for rational drug design. The molecular model suggests
that the GQ-ODN insert between the two SH2 domains of Stat3 dimer resulting in their
destabilization. We further show that T40214 and its derivative T40231 have dramatic in vivo
effects on prostate cancer growth in nude mice when given by intravenous or intraperitoneal
injections, dramatically retarding tumor growth and significantly increase the length of survival
time (Appendices 1-2). Also GQ-ODNs greatly increased apoptosis in cancer cells where Stat3
is active but did not induce apoptosis in normal epithelial cells, which indicates the agents using
apoptosis to eliminate tumor cells in cancer therapy. Developing a novel and promising
treatment for prostate cancer will be beneficial both in terms of single agent treatment and as part
of combination therapy. The overall goal of this proposal is to develop a potent inhibitor of Stat3
using T40214 and T40231 as lead compounds for prostate cancer therapy. The Specific Aims
designed to achieve these objectives are outlined below.

Specific Aim 1: To develop a potent inhibitor of Stat3 to suppress growth of prostate cancer cells
in cell culture.
Specific Aim 2: To develop an effective delivery system and to test the inhibition of growth of
prostate tumors for our designed inhibitors in vivo.

II. Body of research accomplishments in PI's group from 4/1/04 to 3/31/05.

Publication 1: G-quartet oligonucleotides: a new class of signal transducer and activator of
transcription 3 inhibitors that suppresses growth of prostate and breast tumors through induction
of apoptosis (Jing et al. Cancer Research 64:6003-6009 (2004), Appendix 1).
ABSTREAT: Stat3 is a signaling molecular and oncogene activated frequently in many human
malignancies including the majority of prostate, breast and head and neck cancers; yet, no
current chemotherapeutic approach has been implemented clinically that specifically targets
Stat3. We recently developed G-rich oligodeoxynucleotides, which form intramolecular G-
quartet structures (GQ-ODN), as a new class of Stat3 inhibitor. GQ-ODN targeted Stat3 protein
directly inhibiting its ability to bind DNA. When delivered into cells using polyethyleneimine
(PEI) as vehicle, GQ-ODN blocked ligand-induced Stat3 activation and Stat3-mediated
transcription of anti-apoptotic genes. To establish the effectiveness of GQ-ODN as a potential
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new chemotherapeutic agent, we systemically administered GQ-ODN (T40214 or T4023 1) plus
PEI or PEI alone (placebo) by tail vein injection into nude mice with prostate and breast tumor
xenografts. While the mean volume of breast tumor xenografts in placebo-treated mice
increased over 7 fold over 18 days, xenografts in the GQ-ODN-treated mice remained
unchanged. Similarly, while the mean volume of prostate tumor xenografts in placebo-treated
mice increased 9 fold over 10 days, xenografts in GQ-ODN-treated mice increased by only 2
fold. Biochemical examination of tumors from GQ-ODN-treated mice demonstrated a
significant reduction in Stat3 activation, levels of the anti-apoptotic proteins Bcl-2 and Bcl-xL
and a 8-fold increase in the number of apoptotic cells compared to the tumors of placebo-treated
mice. Thus, GQ-ODN targeting Stat3 induce tumor cell apoptosis when delivered into tumor
xenografts and represent a novel class of chemotherapeutic agents that holds promise for the
systemic treatment of many forms of metastatic cancer.

Conclusion 1: This work well accomplished the Specific Aims of PC020407 proposal: (1) to
develop a potent inhibitor of Stat3 to suppress growth of prostate cancer cells in cell culture; and
(2) to develop an effective delivery system and to test the inhibition of growth of prostate tumors
for our designed inhibitors in vivo.

Publication 2: Rational drug design of G-quartet DNA as anti-cancer agents (Jing et al. Current
Pharmaceutical Design, in press (2005), Appendix 2).
ABSTRACT: The ability of certain DNA sequences to form G-quartet structures has been
exploited recently to develop novel anti-cancer agents including small molecules that promote G-
quartet formation within the c-MYC promoter thereby repressing c-MYC transcription and
introducing G-quartet-forming oligodeoxynucleotides (GQ-ODN) into cancer cells resulting in
p53-dependent cell cycle arrest and inhibition of DNA replication. GQ-ODNs also have been
developed as potent inhibitors of signal transducer and activator of transcription (STAT) 3, a
critical mediator of oncogenic signaling in many cancers. This review summarizes the rational
design of G-quartet forming DNA drugs as Stat3 inhibitors. Topics that are reviewed include the
strategy of structure-based drug design, establishment of a structure-activity relationship,
development of a novel intracellular delivery system for G-quartet-forming DNA agents and in
vivo drug testing to assess the anti-cancer effects of DNA drugs in tumor xenografts. Results to
date with GQ-ODN targeting Stat3 are encouraging, and it is hoped that continued pursuit of the
methodology outlined here may lead to development of an effective agent for treatment of
metastatic cancers, such as prostate and breast, in which Stat3 is constitutively activated.

Conclusion 2: This publication well summarized all work that PI group has done to accomplish
the project of PC020407 and partly further completed the Specific Aims: (1) to develop a potent
inhibitor of Stat3 to suppress growth of prostate cancer cells in cell culture; and (2) to develop an
effective delivery system and to test the inhibition of growth of prostate tumors for our designed
inhibitors in vivo.

Publication 3. Targeting Stat3 in cancer therapy (Jing & Tweardy Anti-Cancer Drugs in press
(2005)).
ABSTRACT: Stat3 is constitutively activated in many human cancers where it functions as a
critical mediator of oncogenic signaling through transcriptional activation of genes encoding
apoptosis inhibitors (e.g., Bcl-XL, Mcl-i and survivin), cell-cycle regulators (e.g., cyclin DI and
c-Myc) and inducers of angiogenesis (e.g., VEGF). This article reviews several approaches that
have been pursued for targeting Stat3 in cancer therapy including antisense strategies, tyrosine
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kinase inhibition, decoy phosphopeptides, decoy duplex oligonucleotides and G-quartet
oligodeoxynucleotides (GQ-ODN). The GQ-ODN strategy is reviewed in somewhat greater
detail than the others because it includes a novel system that effectively delivers drug into cells
and tissues, addresses successfully the issue of specificity of targeting Stat3 vs. Statl and has
demonstrated efficacy in vivo.

Conclusion 3: This review article was summarized all agents designed to target Stat3 activity for
cancer therapy. We demonstrated that (1) GQ-ODN specifically inhibits Stat3 DNA binding
activity and induces apoptosis in many cancer cells. (2) A novel delivery system for GQ-ODN
has been developed to increase the drug activity in cells and in vivo. (3) GQ-ODN T40214 and
T40231 significantly suppress tumor growth and greatly increase the survival time of nude
mouse xenografts with tumors where Stat3 is activated, such as prostate, breast, and SCCHN
tumors. Comparing with other JAK/STAT inhibitors, GQ-ODN as a Stat3 inhibitor has
advantages in selectively targeting Stat3 and strong drug effectiveness in vivo.

III. Reportable outcomes.

Publications:
1. Jing N, Li Y, Xiong W, Sha W, Jing L, Tweardy DJ. G-quartet oligonucleotides: a new

class of signal transducer and activator of transcription 3 inhibitors that suppresses
growth of prostate and breast tumors through induction of apoptosis. Cancer Research
64:6003-6009 (2004).

2. Jing N, Sha W, Li Y, Xiong W, Tweardy DJ. Rational drug design of G-quartet DNA as
anti-cancer agents. Current Pharmaceutical Design (in press) (2005).

3. Jing N, Tweardy DJ. Targeting Stat3 in cancer therapy. Anti-Cancer Drugs (in press)
(2005)

Presentations:
1. Jing N, Li, Y., Xiong, W., Sha, W. Jing, L. Tweardy, D. J. "G-quartet oligonucleotides: a

new class of Stat3 inhibitors that suppresses growth of prostate and breast tumors through
induction of apoptosis" 9 5th AACR conference, 2004.

2. Jing presentation in Breast Center, Baylor College of Medicine, January 4, 2005.
3. Jing presentation in Nanjing Medical University, Najing China, Mar 16, 2005.
4. Jing presentation in Institute of Materia Medica, Chinese Academy of Sciences,

Shanghai, March 23, 2005.

IV. Conclusion of the researches from 4/1/04 to 3/31/05.

The progresses of the research work achieved in PI's lab focused in few aspects. (i) We have
established a structure-activity relationship between GQ-ODN and target molecule. With the
establishment, it is possible to design or screen for a more bioactive Stat3 inhibitor. (ii) We
demonstrated that GQ-ODN specifically targets DNA-binding activity of Stat3 but not Statl.
Specifically targeting Stat3 among other STAT protein members is a highly desirable since other
STAT proteins notably Statl, which is activated along with Stat3 in many tumor systems (9).
However, Stat3 and Statl use quite different strategies for controlling cell growth and apoptosis.
Stat3 is an oncogene and Statl has pro-apoptosis function, resulting in very different effects (10,
11). (iii) We successfully delivered GQ-ODN into tumors of nude mice xenograft model and
demonstrated that the GQ-ODN T40214 and T40231 as novel anti-cancer agents significaly
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suppress the growth of prostate and breast tumors in vivo. Also we also demonstrated that
blocking growth of prostate and breast tumors was based upon increase in apoptosis of cancer
cells through inhibition of Stat3 activity. These results make a significant progress for
developing a novel anti-cancer agent through targeting Stat3 in prostate cancer therapy.
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[CANCER RESEARCH 64, 6603-6609, September 15, 2004]

G-Quartet Oligonucleotides: A New Class of Signal Transducer and Activator of
Transcription 3 Inhibitors That Suppresses Growth of Prostate and Breast

Tumors through Induction of Apoptosis

Naijie Jing,1 Yidong Li,1 Weijun Xiong,1 Wei Sha,1 Ling Jing,2 and David J. Tweardy'
'Department of Medicine, Section of Infectious Diseases, Baylor College of Medicine; and University of Texas Health Science Center, School of Public Health, Houston, Texas

ABSTRACT regulates the expressions of antiapoptosis proteins, such as Bcl-xL and
Mci-i, thereby decreasing spontaneous apoptosis in cancer cells (18,Stat3 is a signaling molecular and oncogene activated frequently in 19). Targeting of Stat3 directly with agents, such as antisense oligo-

many human malignancies including the majority of prostate, breast, and nu Tl eti ng of0 -2), decy wi g en ts , or indi retl ith

head and neck cancers; yet, no current chemotherapeutic approach has nucleotides (20-22), a decoy oligonucleotide (23), or indirectly with

been implemented clinically that specifically targets Stat3. We recently Janus-activated kinase inhibitors, AG490 and JSI-124 (24, 25), dem-

developed G-rich oligodeoxynucleotides, which form intramolecular G- onstrated that Stat3 activation contributes to tumor cell growth and
quartet structures (GQ-ODN), as a new class of Stat3 inhibitor. GQ-ODN resistances to apoptosis, providing the strongest rationale for thera-
targeted Stat3 protein directly inhibiting its ability to bind DNA. When peutic approaches aimed at reducing levels or activity of Stat3 in
delivered into cells using polyethyleneimine as vehicle, GQ-ODN blocked cancers where it is activated.
ligand-induced Stat3 activation and Stat3-mediated transcription of anti- Stat3, similar to all of the STAT proteins, is composed of several
apoptotic genes. To establish the effectiveness of GQ-ODN as a potential domains: a tetramerization domain, a coil-coil domain, a DNA-bind-
new chemotherapeutic agent, we systemically administered GQ-ODN ing domain, a linker domain, an SH2 domain, a critical tyrosine reside
(T40214 or T40231) plus polyethyleneimine or polyethyleneimine alone (Y705), and a COOH-terminal transactivation domain. Resolution of
(placebo) by tail-vein injection into nude mice with prostate and breast the crstal structure of Stat3 revealed the structural basis for DNA-
tumor xenografts. Whereas the mean volume of breast tumor xenografts
in placebo-treated mice increased >7-fold over 18 days, xenografts in the binding and dimer formation in sufficient detail to provide prmary
GQ-ODN-treated mice remained unchanged. Similarly, whereas the mean targets for novel drug development (26). One class of drug in early
volume of prostate tumor xenografts in placebo-treated mice increased development as a novel agent targeting Stat3 is G-rich oligode-
9-fold over 10 days, xenografts in GQ-ODN-treated mice increased by oxynucleotides (ODNs) that form G-quartet structures intracellularly
only 2-fold. Biochemical examination of tumors from GQ-ODN-treated (27).
mice demonstrated a significant reduction in Stat3 activation, levels of the G-rich DNA and RNA have the ability to form inter- and intramo-
antiapoptotic proteins Bcl-2 and Bcl-XL, and an 8-fold increase in the lecular four-stranded structures, referred to as G-quartets (28, 29).
number of apoptotic cells compared with the tumors of placebo-treated G-quartets arise from the association of four G-bases into a cyclic
mice. Thus, GQ-ODN targeting Stat3 induces tumor cell apoptosis when Hoogsteen H-bonding arrangement, and each G-base makes two H-
delivered into tumor xenografts and represents a novel class of chemo- bonds with its neighbor G-base (NI to 06 and N2 to N7). G-quartets
therapeutic agents that holds promise for the systemic treatment of many stack on top of each other to give rise to tetrad-helical structures. The
forms of metastatic cancer.

stability of G-quartet structures depends on several factors: the pres-

INTRODUCTION ence of the monovalent cations, the concentration of the G-rich
oligonucleotides present, and the sequence of the G-rich oligonucleo-

Signal transducer and activator of transcription (STAT) proteins tides under study. Potassium with the optimal size to interact within a
were originally discovered as latent cytoplasmic transcription factors G-octamer greatly promotes the formation of G-quartet structures and
(1). STAT proteins, including Statl, 2, 3, 4, 5a, 5b, and 6 link to a increases their stability. G-quartet oligodeoxynucleotides (GQ-ODNs)
variety of cellular and biological processes including proliferation, have been suggested to play a critical role in several biological
differentiation, apoptosis, host defense, and transformation (2-6). processes including modulation of telomere activity (30), inhibition of
STAT proteins are localized within the cytoplasm of resting cells and human thrombin (31), HIV infection (32), HIV-1 integrase activity
become activated by tyrosine phosphorylation at their COOH-termi- (33-35), human nuclear topoisomerase I activity (36), and DNA
nal end (Y705) after recruitment to activated receptor complexes. replication in vitro (37). On the basis of the structure and mechanism
Tyrosine phosphorylation induces formation of dimers, which trans- of Stat3 activation, G-quartet-forming oligonucleotides were devel-
locate to the nucleus, where they bind to DNA-response elements in oped recently to block Stat3 activity within cancer cells (27). GQ-
the promoters of target genes and activate transcription (7). ODNs directly target Stat3 protein and inhibit their ability to bind

Stat3, previously termed acute phase response factor (APRF; refs. DNA thereby decreasing transcriptional activation of genes important
2, 8-10), is activated within cells by binding to the cell surface of for apoptosis resistance, such as Bcl-x and Mcl-1.
>40 ligands; it also is constitutively activated in many human cancers In the present report, we demonstrated that i.v. administration of
(11-13) including 82% of prostate cancers (14), 69% of breast cancers GQ-ODNs dramatically reduces the growth in nude mice of xe-
(15), 82 to 100% of squamous cell carcinoma of head and neck (16), nografts of prostate and breast cancer cells in which Stat3 is consti-
and 71% of nasopharyngeal carcinoma (17). Activated Stat3 up- tutively activated. GQ-ODNs inhibited tumor cell growth by markedly

enhancing tumor cell apoptosis and representing a promising agent for
Received 12/24/03; revised 7/7/04; accepted 7/13/04. treatment of metastatic tumors in which Stat3 is constitutively acti-
Grant support: Department of Defense Award PC020407 and NIH Grants GM60153 vated.

and CA86430.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with MATERIALS AND METHODS
18 U.S.C. Section 1734 solely to indicate this fact.

Requests for reprints: Naijie Jing, Department of Medicine, Section of Infectious
Diseases, Baylor College of Medicine, Houston, TX. Phone: 713-798-3685; Fax: 713-
798-8948; E-mail: njing@bcm.tmc.edu. were synthesized by Midland Certified Reagent Company (Midland, TX) and

02004 American Association for Cancer Research. used without additional chemical modifications. The human cell lines HepG2,
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GQ-ODN AS STAT3 INHIBITORS SUPPRESSES TUMOR GROWTH

PC-3, and MDA-MB-468 were obtained from the American Type Culture The supernatants were harvested, assayed for protein concentration by Brad-
Collection (Rockville, MD). Polyethylenimine (-25 kDa polymer, Sigma- ford assay, and immunoblotted as described elsewhere (20).
Aldrich, Inc., St. Louis, MO) was generously provided by Dr. Charles Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick
Densmore (Baylor College of Medicine). Interleukin (IL) 6 and antibodies End-Labeling Assay. The terminal deoxynucleotidyl transferase-mediated
against Stat3, StatI, Bcl-XL, and Bcl-2 were purchased from Santa Cruz dUTP-biotin nick end-labeling (TUNEL) assay was performed as described by

Biotechnology Biotechnology (Santa Cruz, CA). Antibody against caspase 3 the manufacturer (Roche Applied Science, Indianapolis, IN). Briefly, prostate

was obtained from Cell Signaling Technology (Beverly, MA). (or breast) tumors were harvested from mice within 24 hours of their last
Assay of Inhibition by GQ-ODNs of Stat3 DNA-Binding Activity in treatment. The paraffin-embedded tissues were pretreated using Xylene and

Cancer Cells. GQ-ODN plus polyethyleneimine at a weight ratio of polyeth- EtOH, washed with PBS, and incubated with proteinase K working solution.

yleneimine/ODN of 2:1 was added to cells (5-7 X 10s). After incubation for TUJNEL reaction mixture was prepared by adding 50 ttL of enzyme solution

3 hours, the cells were washed three times with fresh medium without poly- into 450 p1L of the labeling solution. TUINEL reaction mixture (50 AxL) was

ethyleneimine/ODN and the incubation continued. After 6 to 72 hours, cells placed on slides followed by 50 ttL of 3,3'-diaminobenzidine substrate. Slides

were incubated without or with IL-6 (25 ng/mL) at 37°C for 20 minutes before were incubated for 5 minute at 24°C, rinsed three times with PBS, dehydrated

extraction and analysis by electrophoretic mobility shift assay. The cell ex- with xylene, and mounted under a glass coverslip.

traction and electrophoretic mobility shift assay were performed as described
previously (27). In some experiments, cells were scraped and harvested for RESULTS
isolation of nuclear proteins as described previously (38). Briefly, 50 J/L of
ice-cold Buffer A [10 mmol/L Tris-HCL (pH 9.), 2 mmol/L MgCl2, 5 mmol/L Inhibition of Stat3 Activation by G-Quartet ODNs in Cancer
KCI, 10% glycerol, 1 mmol/L EDTA, and I mmol/L DDT] plus 1% NP40 was Cells. Stat3 is expressed and constitutively activated in the prostate
added and the cells allowed to swell on ice for 15 minutes, then vortexed cancer cell line PC-3 and the breast cancer cell line MDA-MB-468
vigorously. The lysate was centrifuged at 700 X g for 5 minutes at 4'C and the (14, 24). The GQ-ODN T40214 and a panel of related G-rich ODNs
resulting nuclear pallet resuspended in 50 kL, of cold buffer (20 mmol/L capable of forming G-quartets were mixed with polyethyleneimine,
HEPES, 0.4 mol/L NaC1, 1 mmol/L EDTA, 1 mmol/L EGTA, and 1 mmol/L and each was examined for the ability to inhibit Stat3 activation in
DDT). Nuclear proteins were extracted by vigorous shaking for 30 minutes at these cell lines (Fig. 1, A-C; Table 1). Each of the G-rich ODN
4*C and cell debris pelleted by centrifugation at 18,000 X g for 5 minutes at demonstrated the ability to inhibit Stat3 DNA-binding activity when
4'C. Protein concentrations of whole-cell and nuclear extracts were measured the concentration of ODN was increased from 7 to 285 tkmol/L.
by Bradford assay.

Statistical Docking Calculations. The structures of the designed G-quartet T40214 and T40231 are the most potent inhibitors of Stat3 activation.
ODNs, such as T40214 and its analogues, were built up through modification Nonspecific ODNs incapable of forming the G-quartet structure dem-

of the nuclear magnetic resonance structure of GQ-ODN T30923 (39) and onstrated no activity against Stat3.

optimized under AMBER force field by INSIGHTII/DISCOVER. The opti- Structure-Activity Relationship between Stat3 and G-Quartet
mization of the molecular structures proceeded as follows: (1) 100 steps of Inhibitors. T40214 was determined previously to form an intramo-
conjugate gradient energy minimization, (2) 1,000 steps of restrained MD lecular G-quartet structure composed of two G-quartets in the center
equilibration with a time step of 0.33 fs at 1,000 K, (3) 1,000 steps of restrained and two G-C-G-C loop domains on the top and bottom with -15A
MD equilibration with a time step of 0.1 fs at 300 K, and (4) 1,000 steps of
conjugate gradient energy minimization. The intramolecular H-bonds of G-
quartets were used as constraints for the molecular optimization.

We docked each GQ-ODN 1,000 times onto the available structure of the A Abl Ab3
dimer of Stat3 SH2 (26) using the GRAMM docking program without placing IL-6 ,
any restrictions on binding sites. This program uses a geometry-based algo- Stat3/Stat3: ii
rithm for predicting the structures of complexes between molecules of known ,
structure. It can provide quantitative data related to the quality of the contact B
between the molecules. The intermolecular energy calculation relies on the ODN -41 285 0 1 47,7R5 ()m)
well-established correlation and Fourier transformation techniques used in the T40214 I iH E
field of pattern recognition. The distribution of H-bond formation between
each Stat3/GQ-ODN complex was calculated and analyzed. T40212 T340215

In vivo Delivery of Fluorescently Labeled GQ-ODN. Fluorescent-labeled T40216 T40231
T402 14 plus polyethyleneimine (each 2.5 mg/kg) was injected into the tail vein
of male and female mice weighing -20 g. Twenty-four hours after the T402I7 T40228
infusion, the mice were sacrificed and tissue harvested and frozen. Frozen
tissues were sectioned using cryostat microtome sections, lightly fixed, and T40229 T40230
viewed microscopically.

Tumor Xenograft Models. Athymic nude mice (Balb/nu/nu, 4 weeks old T40232 T40233

and weighing -20 g obtained from Charles River Labs) were injected s.c. into
the right (or left) flank with one million cancer cells (MDA-MD-468 or PC-3) C
in 200 tL of PBS. After tumors were established at 7 to 14 days postinjection, ODN 0 7 14 70 142 285 7 14 70 142 285 (IM)

16 nude mice with breast or prostate tumors were randomly assigned into three T 1 ... )DN

groups. Mice in group 1 (n = 7) served as placebo and received only T40212 T40215
polyethyleneimine (2.5 mg/kg), whereas mice in groups 2 and 3 (n = 7)
received T40214 (5.0 mg/kg) plus polyethyleneimine (2.5 mg/kg) and T40231 /1."' «T40132
T402314 (5.0 mg/kg) plus polyethyleneimine (2.5 mg/kg), respectively. Treat-
ments, administered by tail-vein injection, and sizing of tumors occurred every Fig. 1. Inhibition of Stat3 activation in prostate and breast cancer cells by GQ-ODN.

2 days. The unpaired two-sample t test, {t = (X1 - X2)/[SP2(1/n5 + 1/n2 )]" 2}, A, Stat3 is activated constitutively and by IL-6 in PC-3 cells. Electrophoretic mobility shift
assay was performed using extracts of PC-3 cells without (-) and with (+) stimulation

was used to determine differences in tumor sizes between the placebo and the with IL-6 (25 ng/ml); extracts were incubated without or with antibodies against Statl
drug-treated groups. (Abl) and Stat3 (Ab3). Electrophoretic mobility shift assay was performed using extracts

Immunoblotting. Tumor xenografts were harvested at the end of treatment of IL-6-stimulated PC-3 (B) and MDA-MB-468 cells (C) pretreated with each panel of
ODN (see Table 1 for sequences). Cells were preincubated with the indicated ODN plus

period, cut into small pieces, homogenized on ice for 2 minutes, subjected to polyethyleneimine at the indicated concentration for 3 hours, washed, and incubated in

one round of freeze-thawing, and centrifuged (12,000 rpm for 2 min at 4°C). fresh medium for 24 hours, and then stimulated with IL-6 (25 ng/ml) before extraction.
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Table I IC2s, ICso, and IC75 of ODN for inhibition of IL-6-stimulated Stat3 activation in PC-3 cells and percentage of total H-bond formed between ODN and the region of
Stat3 SH2 located between amino acid residues 638 and 650

% H-bounds formed
within Stat3

Compound 5-sequence IC25 (WM) IC5 o (WM) IC75 (,M) (aa 638-650)

Ns-ODN TGCCGGATCCAAGAGCTACCA
T40214 GGGCGGGCGGGCGGGC 2.5 5.0 24 35
T40212 GGGCGGGTGGGCGGGT 17 35 142 30
T40215 (GGGGT) 4  12 49 163 28
T40216 (GGGGGT)4  30 202
T40217 GGGGTGGGTGGGTGGGTT 35 64 27
T40228 GCGGGTGGGTGGGTGGGTCG 139 192 244
T40229 TAGGGTGGGTGGGTGGGTAT 9 41 248 29
T40230 GTGGGTGGGTGGGTGGGTTG 11 43 28
T40231 GGTGGGTGGGTGGG 4.6 10 49 33
T40232 GGCGGGCGGGCGGG 10 26 62 32
T40233 GGGCGGGTGGGCGG 7.6 34 67 29

width and 15A length (39, 40). T40214 and other GQ-ODNs desta-
bilize Stat3 dimers by inserting between their SH2 domains. We A
proposed that GQ-ODNs interact in the region of the SH2 domain
from amino acid residues 638 to 650 (ref. 27; Fig. 2A). To establish
a structure-activity relationship between Stat3 and G-quartet inhibi-
tors, we generated the G-quartet structure predicted to be formed by
each G-rich ODN (Table 1) and randomly docked each of them onto
the known structure of the dimer of Stat3 SH2 domains (26) 1,000
times. Analysis of the histogram of H-bonds formed at each residue
within the Stat3 SH2 domain demonstrated that T40214 interacts with
SH2 predominantly in the region from residues 638 to 650, as ex-
pected, with 35% of total H-bonds formed located in this region (Fig.
2B). The percentages of H-bonds formed within the region from
residues 638 to 650 of Stat3 for other GQ-ODNs were listed in Table
1. Composite analysis of all of the histograms revealed that there is an
inverse linear correlation between the percentage of GQ-ODN H- B
binding within this region of the Stat3 SH2 domain and the IC 5o of 600

inhibition of Stat3 DNA binding activity (Fig. 2C). Thus, these
findings indicate that the higher the percentage of GQ-ODN H-bond

formation within this region of Stat3 SH2, the greater its ability to , 400
inhibit Stat3 activation within cells. 300

GQ-ODN-Mediated Inhibition of Stat3 within Cells Is Selective
for Stat3, Requires Polyethyleneimine, and Is Accompanied by • 200
Decreased Levels of Intranuclear Stat3 Phosphorylated on Y705
(Stat3-pY705). We demonstrated previously that GQ-ODN had 100-

4-fold greater activity against Stat3 than Statl in vitro (27). To A
determine whether this selectively persisted or increased upon intra- c %0 -

cellular delivery, we preincubated HepG2 cells, in which both Stat3 AnikO AMd Residues of STAT3
and Statl are activated by IL-6, with T40214 (0-142 gmmol/L) for 72 50

hours before stimulation with IL-6. Preincubation of HepG2 cells with
T40214/polyethyleneimine complex at 70 gmmol/L (or higher) nearly 45
completely inhibited IL-6-mediated activation of Stat3, whereas acti-

vation of Statl was only mildly affected (Fig. 3, A and C) confirming 40

the selectivity of GQ-ODN for Stat3 within cells. No inhibition of 01
Stat3 DNA binding activity was observed when HepG2 cells were .q3

preincubated with T40214 in the absence of polyethyleneimine (Fig. 30
3B) confirming previous findings by us (40) that a vehicle is required 4.
for delivery of GQ-ODN into cells. 025

To determine whether GQ-ODNs also interfere with Stat3 activa-
tion and translocation into the nucleus, we examined levels of Stat3- __
pY705 within the nucleus of cells stimulated with IL-6 after GQ-ODN 0 '10 20 30 40 50 60 70

pretreatment. Levels of Stat3-pY705 were reduced from 50 to 70% in IC50 of Inhibition of Stat3 (IM)
nuclei when the concentration of T40214 was increased from 3.5 to
142 limmol/L (Fig. 4, lanes 4 to 7). polyethyleneimine alone as Fig. 2. Structure-activity relationship of GQ-ODNs. A, model of T40214 bound to

dimers of Stat3 SH2 showing T40214 (blue wire model) interacting with residues Q643,vehicle has no effect on Stat3 activation (Fig. 4, lane 3). Q644, N646, and N647 of Stat3 dimer (green space-filling model). B, histogram of the

Delivery of G-Quartet ODN into Tumor Xenografts Results in distribution of all H-bonds formed between T40214 and the SH2 domain of Stat3 in 1,000
Inhibition of Growth through Induction of Apoptosis. To d computer-simulated dockings. C, plot demonstrating the relationship between the percent-

Is deter- age of GQ-ODN H-bonding localized from residues 638 to 650 and its IC 50 against Stat3

mine whether GQ-ODNs can be administered to mice and delivered (Table 1; r2 = 0.91; P < 0.001).
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A T activated caspase 3 protein. Levels of Stat3-pY705, Bcl-XL, and Bcl-2
were decreased by 9-, 4.3-, and 10-fold, respectively, in the tumors

AbI Ab3 cont. 0 1.4 7 14 70 142 (gtM) from drug-treated animals compared with tumors from placebo-

Stt3Stt treated mice. These changes were accompanied by a 3-fold increase in

B SL • TI 2_ / I caspase 3 cleavage products in the tumors from drug-treated animals

Stat3/Stat -I-compared with tumors from placebo-treated mice (Fig. 6A). We have
Stati/statl -_f harvested the 4 tumor samples from placebo-treated mice and 3 tumor

1 2 3 4 5 6 7 8 9 samples from drug-treated mice and then performed TUNEL assay on
the samples. TUNEL staining was performed on 4 tumor samples
from placebo-treated mice and 3 tumor samples from drug-treated

100- .mice to assess if GQ-ODN treatment increased tumor cell apoptosis.
0 Stat3 Statt The percentage of apoptotic cells was increased nearly 8-fold in the

80 tumors of drug-treated mice (83.6 ± 1.0%) compared with the tumors
oof placebo-treated mice (11.2 ± 10.1%; P < 0.001; Fig. 6B).

~60
.. DISCUSSION

"Mounting evidence from cell culture, whole animals, and patient
. 20 • samples indicates that Stat3 is a critical mediator of oncogenic sig-"2 .. naling that is activated in many human malignancies (17). This

0 1 .4evidence provides a strong rationale for developing agents that target
1.4 7 14 70 142 0 14 7 14 70 142 Stat3 for treatment of cancers in which constitutive Stat3 activation

Concentration of T40214 qtM) plays a critical role. Currently, no chemotherapeutic approach has

Fig. 3. GQ-ODN selectively targets Stat3 within cells, and its delivery requires been implemented that targets Stat3. We recently developed G-rich
polyethyleneimine. Electrophoretic mobility shift assay of extracts of HepG2 cells stim- oligodeoxynucleotides, which form intramolecular G-quartet struc-
ulated with IL-6 (25 ng/ml) 72 hours after preincubation of cells with T40214 at the tures (GQ-ODNs), as a new class of Stat3 inhibitor; GQ-ODNs were
indicated concentrations complexed with (A) or without (B) polyethyleneimine. Extracts
were incubated with antibodies against Statl (Abl; Lane 1) or Stat3 (Ab3; Lane 2) to shown to target Stat3 dimers predominantly in the regions of their
confirm the composition of the homodimer bands. C, Intensity of the homodimer bands in SH2 domains resulting in their destabilization and reduced ability to
lanes 4 through 9 of T40214 with polyethyleneimine (A) were measured by densitometry
and plotted as a percentage of the band in the untreated lane (0 /Lmol/L; lane 4). bind DNA in vitro (27). In studies reported here, we demonstrate that

when delivered into cells using polyethyleneimine as vehicle, GQ-
ODNs blocked ligand-induced Stat3 activation. We determined that

into tumor xenografts, we injected fluorescein-labeled T40214 plus the region within the SH2 dimer domains predominantly bound by
polyethyleneimine (each at 2.5 mg/kg) into the tail veins of nude mice
with established tumor xenografts. Microscopic examination of xe-
nografts 24 hours after injection demonstrated diffuse fluorescent A T40214
staining within tumor cells (Fig. 5A) indicating that GQ-ODN enters

and accumulates within tumor cells. 0 PEI 3.5 14 70 142 (pM)
The two most active GQ-ODNs, T40214 and T40231 (Fig. 5B), IL-6 - + + + +

were selected from among the designed GQ-ODNs to assess if GQ- 6 4-Stat3
ODN uptake is accompanied by inhibition of tumor growth. Nude
mice were injected s.c. with MDA-MB-468 or PC3, both of which ___ mT-Stt3
demonstrate constitutive Stat3 activity, and i.v. treated every other day 2
after tumors were established (Fig. 5, C and D). The drug treatment
groups received T40214 or T40231 (5.0 mg/kg) plus polyethylenei- B
mine (2.5 mg/kg), and the placebo groups each received polyethyl- 120 .. ..........
eneimine (2.5 mg/kg) alone by tail-vein injection. The mean size of 100
the breast tumor xenografts of placebo-treated mice increased from 7-
to 12-fold, whereas the mean sizes of both T40214 and T40231- " 80
treated mice remained unchanged (Fig. 5C). The growth rate of
placebo-treated breast tumors ranged from 11% to 15%/day, and those 60

of T40214 and T40231-treated breast tumors were -0.4%/day 40
(P = 0.001) and 0.6%/day (P = 0.001), respectively. The mean size
of the prostate tumor xenografts of placebo-treated mice increased 9- 20
to 10-fold, whereas the mean sizes of T40214-treated and T40231- 0
treated mice increased only 2.2- and 2.6-fold, respectively (Fig. 5D). 0 PEI 3.5 14 70 142
The growth rate of placebo-treated prostate tumors ranged from 21%
to 23%/day, whereas the growth of T40214- and T40231-treated Concentration of T40214 (AM)

prostate tumors was 9.1%/day (P = 0.001) and 8.8%/day (P = 0.001), Fig. 4. GQ-ODN inhibit IL-6-mediated increase in intranuclear phosphorylated Stat3.
respectively. A, immunoblot of nuclear extracts of HepG2 cells preincubated with media (0), polyeth-

yleneimine alone (PEI), or T40214 at the indicated concentrations for 3 hours. Cells were

To gain insight into the mechanism of inhibition of tumor growth then washed and incubated in medium alone for 24 hours before stimulation with IL-6 (25

by GQ-ODN, we harvested the prostate tumor xenografts from ng/mL); nuclear extracts were separated by SDS-PAGE and immunoblotted with an-
tiphosphotyrosine antibody (pY705; top) or Stat3 monoclonal antibody (T-Stat3, bottom).placebo-treated and drug-treated mice after five treatments and ex- B, The p-Stat3 bands were quantitated by densitometry and plotted as the percentage of

tracted proteins to assess for levels of Stat3-pY705, Bcl-XL, Bcl-2, and the polyethyleneimine-pretreated lane (lane 3).
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A,

Fig. 5. GQ-ODN is successfully delivered into tumor xenografts and inhibits their
growth. A, light microscopic (left) and fluorescent microscopic (right) photomicro-
graphs (each X400 magnification) of a tumor xenograft harvested from a nude mouse

B• 24 hours after tail-vein injection with fluorescein-labeled T40214/polyethyleneimine
complex (each at 2.5 mg/kg), showing the uptake of T40214 within tumor cells. B, the
models of T40214 and T40231 structures. Breast (C) and prostate (D) cancer cells

S•G...xenograft volumes were measured at the start of therapy and every other day in mice
Gtreated with T40214/polyethyleneimine complex (0) or with polyethyleneimine alone

G i(*; top) or with T4023 1 /polyethyleneimine complex or with polyethyleneimine alone

(bottom). Data plotted are fold increase in tumor volume of each group; bars, -SE.
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GQ-ODN was located between residues 638 and 650, a region criti- optimizing the design GQ-ODN inhibitors of Stat3. Furthermore,
cally involved in Stat3 dimerization. Importantly, we established a intravenous administration of GQ-ODNs plus polyethyleneimine
linear structure-activity relationship that directly correlates the ability blocked the growth of breast and prostate tumor xenografts in nude
of a GQ-ODN to bind to this region of Stat3 SH2 and its ability to mice. This effect was accompanied by marked reductions in levels of
inhibit Stat3 activation within cells, which is an important step toward Stat3 activation and Bcl-2 and Bcl-xL protein and a striking increase
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quartet structure, a novel intracellular delivery system has been de-
veloped for GQ-ODNs (40). Using the novel delivery system, GQ-
ODNs were delivered efficiently into the cytoplasm and nucleus of
cells. The results reported here showed that GQ-ODNs penetrated
poorly into cells without vehicle as evidenced by low drug activity,

SA-Cusp3 whereas use of an effective intracellular delivery system such as
polyethyleneimine increased the drug activity of GQ-ODNs in cancer

*Cev • • ' cells (Fig. 3, A and B). When G-rich ODNs form intramolecular
CleaveCasP3 G-quartet structures within the cytoplasm, they are able to diffuse

freely through pores into the nucleus, bind to Stat3, and block the
S4-Bc1-2 transcription of Stat3-regulated genes (Fig. 4; ref. 27).

Because of the important role that STAT proteins play in signaling
&.ww "cI-xI within the immune system (Statl, 2, 4, 5A, 5B, and 6) and in negative

___regulation of proliferation (Statl; ref. 42), it is highly desirable that an
]4-p-Stat3 agent targeting Stat3 not have activity against other STAT proteins to
1 * T-Stat3 avoid problems with immunosuppression and inadvertent stimulation

of tumor cell growth. On the basis of their structures (14, 43), the

1 2 3 4 5 6 7 ligand-receptor pairs that lead to their activation (1) and the phospho-

Placebo mice Drug-treated mice tyrosine sites that lead to their recruitment and activation (44), the
STAT protein family member that most closely resembles Stat3 is
Statl. Stat3 and Statl share >50% amino acid sequence homology in

B1 the region of the SH2 domain (13). Therefore, to address the issue of

specificity of GQ-ODN inhibition, we focused on Statl. In previous
0 • studies, we demonstrated that the IC,, ofT40214 for the inhibition of

75- Stat3 DNA-binding activity in vitro was 4-fold less than for its
c.) inhibition of Statl DNA-binding activity (27). Here, we demonstrated
0

that the specificity of T40214 for Stat3 versus Statl extends in vivo.
€'L The concentration of T40214 that inhibited 50% of Stat3 activation
FL after preincubation of T40214 in cells was -10 .Lmol/L (Fig. 3Q,

25- whereas 50% inhibition of Statl under the same conditions could not
T -be achieved with concentrations of T40214 up to142 pimol/L. The

0 ... basis for this selectivity was explained, in part, by the analysis of
0 -t histograms, which were generated by docking the structure of T40214

onto the structures of Stat3p3 and Statl homodimers 2,000 times

Fig. 6. Effect of G-quartet ODN T40214 on apoptosis and levels of apoptosis-related without setting any binding site restrictions (26). These studies dem-
proteins in tumor xenografts. A, Proteins were extracted from tumor xenografts obtained
from 3 placebo-treated mice (lanes 1 to 3) and from 4 drug-treated mice (lanes 4 to 7), onstrated that interactions of GQ-ODN with Stat3 were concentrated
separated by SDS-PAGE, and immunoblotted with the antibodies indicated. Each lane within the SH2 and DNA-binding domains; in contrast, interactions of
was loaded an equal amount of the total Stat3 (T-Stat3) protein as a control. B, percentage GQ-ODN with Statl were distributed more broadly over the whole
of apoptotic cells within prostate tumor xenografts assessed by TUNEL staining. Two
hundred cells within TUNEL stained sections of prostate tumor xenografts removed on structure of Statl.
day 10 from placebo-treated mice (n = 4) and GQ-ODN-treated mice (n = 3) were Intravenous administration of GQ-ODN plus polyethyleneimine
examined at X400 magnification. Data presented are the mean; bars, ±SD; P < 0.001. was well tolerated by mice at the dose used in this study. Detailed

toxicity studies of T40214 and T40231 are in progress; however,
in tumor cell apoptosis. Thus, GQ-ODNs, which target Stat3 and toxicity studies of GQ-ODN T30177, an analogue of T40214 that
induce apoptosis within tumor xenografts after intravenous adminis- inhibits HIV-1 integrase, has been performed previously (45). T30177
tration, represent a novel cancer chemotherapeutic approach that holds did not induce genetic mutations in three assays, the Ames/Salmonella
promise for the systemic treatment of many forms of metastatic mutagenesis assay, the Chinese hamster ovary/hypoxanthine-guanine
cancer. phosphoribosyltransferase mammalian cell mutagenesis assay, and the

Our previous studies showed that the G-quartet structure of G-rich mouse micronucleus assay. Acute toxicity studies in mice revealed an
ODN is essential for the inhibition of Stat3 DNA-binding activity in LDo for T30177 of 1.5g/kg body weight; chronic toxicity studies in
vitro (27). The G-quartet structure of T40214 closely resembles a mice after multiple doses did not cause delayed mortality or changes
perfect cylinder 15 A in width and length. This conformation in- in serum chemistry, hematologic parameters, or organ histology until
creases the thermal stability of the structures, reduces the capacity of the dose of T30177 reached 600 mg/kg, 120 times the dose (5 mg/kg)
ODN to form molecular aggregates, and increases the probability that used in our studies.
each GQ-ODN will target Stat3 homodimer in cells. The finding that The results of in vivo drug testing revealed that GQ-ODN T40214
T40214-mediated inhibition of ligand-induced Stat3 activation within dramatically suppressed the growth of xenografts of prostate and
cells persisted for 72 hours after GQ-ODN exposure can be attributed, breast cancer cells in which Stat3 is constitutively activated. GQ-ODN
in part, to this compact configuration, which contributes to its thermal T40214 markedly decreased the level of phosphorylated Stat3 in
stability and resistance to nuclease digestion. The intramolecular tumor xenografts; this decrease was associated with decreased levels
G-quartet structure prevents single-strand endonucleases from access- of Bcl-2 and Bcl-xL protein. Bcl-2 and Bcl-xL are antiapoptosis
ing their cleavage sites (41). proteins that have ion channel activity, which inhibit the release from

Effective delivery of GQ-ODNs into cancer cells is a key factor for mitochondria of cytochrome C (46, 47). Reduced levels of Bcl-2 and
success of inhibitors that target oncogenic signaling intermediates. On Bcl-xL in tumor xenografts would result in increased release of
the basis of the property of potassium-dependent formation of G- cytochrome C resulting in activation of the caspase cascade, which
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includes caspase 3, leading to cell apoptosis. There was a striking 21. Grandis JR, Drenning SD, Zeng Q, et al. Constitutive activation of stat3 signaling
increase in caspase 3 cleavage products in the tumors of T40214- abrogates apoptosis in squamous cell carcinogenesis in vivo. Proc Natl Acad Sci USA

2000;97:4227-32.treated animals that was accompanied by an increase in tumor cell 22. Barton BE, Karras JG, Murphy TF, Barton A, Huang HF-S. signal transducer and
apoptosis of similar magnitude. Our results indicate that GQ-ODNs activatior of transcription 3 (STAT3) activation in prostate cancer: direct Stat3
such as T40214 block tumor xenograft growth by targeting Stat3 and inhibition induces apoptosis in prostate cancer lines. Mol Cancer Ther 2004;3:11-20.

23. Leong PL, Andrews GA, Johnson DE, et al. targeted inhibition of Stat3 with a decoyinhibiting its phosphorylation, which blocks the transcription of the oligonucleotide abrogates head and neck cancer cell growth. Proc Natl Acad Sci USA
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Rational Drug Design of G-Quartet DNA as Anti-Cancer Agents
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Abstract: The ability of certain DNA sequences to form G-quartet structures has been exploited recently to develop novel
anti-cancer agents including small molecules that promote G-quartet formation within the c-MYC promoter thereby
repressing c-MYC transcription and introducing G-quartet-forming oligodeoxynucleotides (GQ-ODN) into cancer cells
resulting in p53-dependent cell cycle arrest and inhibition of DNA replication. GQ-ODNs also have been developed as
potent inhibitors of signal transducer and activator of transcription (STAT) 3, a critical mediator of oncogenic signaling in
many cancers. This review summarizes the rational design of G-quartet forming DNA drugs as Stat3 inhibitors. Topics
that are reviewed include the strategy of structure-based drug design, establishment of a structure-activity relationship,
development of a novel intracellular delivery system for G-quartet-forming DNA agents and in vivo drug testing to assess
the anti-cancer effects of DNA drugs in tumor xenografts. Results to date with GQ-ODN targeting Stat3 are encouraging,
and it is hoped that continued pursuit of the methodology outlined here may lead to development of an effective agent for
treatment of metastatic cancers, such as prostate and breast, in which Stat3 is constitutively activated.

Key Words: DNA drugs, G-quartet oligodeoxynucleotides (GQ-ODN), signal transducer and activator of transcription (STAT)
3, apoptosis, cancer therapy, prostate cancer, breast cancer, drug delivery, drug design.

1. INTRODUCTION 2. G-QUARTET DNA AS A POTENTIAL ANTI-
CANCER AGENT

DNA oligonucleotides have been extensively studied as a

class of anti-cancer agents and include antisense oligonu- 2.1. Structure and Property of G-Quartet Oligonucleo-
cleotides, CpG oligonucleotides, and DNA enhancer decoys tides
(see the articles of Cho-Chung [1] and Coppelli and Grandis G-rich DNA sequences have been identified, cloned and
[2] in this journal issue). Based upon their inhibitory mech- characterized in the telomeres of many organisms, such as
anism, DNA-based anti-cancer agents generally belong to fungi, ciliates, vertebrates, and insects [10]. G-rich sequences
one of two categories-antisense or non-antisense. The use ofsively-reviewed [1,t2.sUpnsdeolivoucerinotels, thesbee exten- can form rigid C-quartet structures, which were first
single-stranded antisense oligonucleotides has been eproposed to occur within telomeres [11]. In addition to

t oligo- telomeric sequences [12-14], G-quartet structures have been
nucleotides bind to a target mRNA and function to block its demonstrated in vitro in fragile X syndrome nucleotide
transcription. Non-antisense DNA agents have different repeats [15], in HIV-l RNA sequences [16, 17], and in the
mechanisms of action; they interact predominantly with immunoglobulin switch region [18]. G-quartets arise from
proteins to block their biologic function. In this article, we the association of four G-bases into a cyclic Hoogsteen H-
review G-rich DNA sequences capable of forming G-quartet bonding arrangement. Each G-base makes two H-bonds with
structures as a new class of non-antisense DNA agents. The its neighbor G-base (NI to 06 and N2 to N7). G-quartets
inhibitory mechanism of G-quartet oligodeoxynucleotides stack on top of each other to give rise to tetrad-helical
(GQ-ODNs) involves G-rich DNA forming a stable G- structures and form a family of structures that include folded
quartet structure, which directly interacts with a target G-quartets resulting from intramolecular interactions and
protein to interfere with its function. G-quartet forming DNA hairpin dimers and parallel-stranded tetramers resulting from
has been developed to modulate several biological processes, intermolecular interactions. The formation of G-quartet
such as telomerase activity [3], human thrombin activity [4], structures depends on the DNA sequence, loop geometry,
HIV infection [5, 6] and HIV-1 integrase activity [7-9]. We base composition of the nucleic acids and the presence of
will summarize the rational design of GQ-ODN as a novel +
and potentially promising drug for treatment of metastatic metal ions [19-22]. It was observed that K prefers to induce

tumors in which Stat3 is constitutively activated, a folded G-quartet structure and Na+ preferentially forms a
linear four-strand G-quartet structure [23]. The preference of
inducing a folded G-quartet structure by metal ions has been
proposed as K' > Rb+ > Na+ > Li+ or Cs' [23, 9]. In general,
G-quartet structures are very stable; however, their stability*Address correspondence to this author at the Department of Medicine/ depends on the presence of monovalent cations and the

Section of Infectious Diseases, Baylor College of Medicine, Houston TX
77030, USA; Tel: 713-798-3685; Fax: 713-798-8948; concentration of the G-rich oligonucleotides present, espe-
E-mail: njing@bcm.tmc.edu cially for dimer or tetramer formation [24-27]. Because of its
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optimal size, potassium interacts within a G-octamer and fibroblasts than in the telomerase-positive human glioblas-
greatly increases its structural stability [25, 28]. The high toma cell line.
concentration of K' inside cells (140 mM) significantly
promotes the formation by G-rich oligonucleotides of folded 2.5. Interaction of Human Nuclear Topoisomerase I (top
G-quartet structures within the cytoplasm [22], greatly I) with G-Quartet DNA
increasing their biological activity. DNA topoisomerases are vital enzymes that control the

topological state of DNA by transient cleavage of one (top I)
2.2. Designing G-Quartet DNA as an Anti-Cancer Drug or two strands (top II) of the double helix. Human nuclear

Telomerase has recently become a target for anti-cancer top I plays a crucial role in DNA replication, transcription
drug therapy. Telomeres shorten with each cell divisiort and and other cellular functions [45], and has been shown to be
cells stop cycling when telomeres shorten below a critical the molecular target of many anticancer agents. Topl also
length. The activity oftelomerase, which maintains telomere has been targeted by designed G-quartet oligonucleotides,
length, is increased in over 85% of cancers examined [29]. such as 16TCC, which form an intermolecular G-quartet
Telomeric DNA contains the sequence (TTAGGG),, which structure [46]. Recently, the Pommier group and a collabo-
can form a G-quartet structure. The G-quartet structure of rator demonstrated that intramolecular G-quartet DNA, such
this sequence is important in the regulation of telomerase as T?0923 (or T30695) [47] and its derivative G-rich ODNs,
activity [30]. Recently, telomerase has been targeted using strongly bond to topl and inhibit its cleavage of duplex DNA
DNA oligonucleotides that can serve as telomerase substra- with an IC50 of-10 nM [48].
tes [31, 32]. G-rich oligonucleotides able to form G-quartets
were shown to be telomerase inhibitors, [33] and demons- 2.6. G-Quartet ODNs have been Designed to Inhibit DNA
trated inhibitory effects on the growth of tumors cells in vitro Replication and Induce S Phase Cell Cycle Arrest
and in nude mouse tumor xenografts in vivo [34]. Also, Several non-antisense G-rich ODNs have been reported
several small molecules such as BSU 1051 and TMPyP4, to be antiproliferative agents, which presumably act by
were developed using a rational drug design strategy to targeting nucleolin or nucleon-like proteins, thus inhibiting
stabilize G-quartet formation within telomeres, thereby the proliferation of tumor cells in vitro [49]. Further studies
inhibiting the translocation step required for telomerase of the effects of G-rich ODN on cell processes found that
activity [35-37]. The design of small molecules targeting G- cells accumulate in S phase in response to treatment with the
quartet DNA as anti-cancer drugs has recently been well G-rich ODN, GRO29A, and that GRO29A is capable of
reviewed [38]. inhibiting DNA replication in vitro, correlating with its anti-

proliferative effects [50]. Based on initial studies using UV
2.3. G-Quartet Structures within the Promoter of c-MYC spectroscopy and circular dichroism (CD), it was proposed
Regulate Its Transcription that GRO29A forms an anti-parallel G-quartet structure [51 ].

Overexpression of the c-MYC oncogene occurs in However, further studies comparing the physical properties
Burkett's lymphoma and in carcinomas such as breast and and biological activity of GRO29A with a group of 12 GQ-
colon [39-41] where it contributes to increased cellular ODNs including the thrombin-binding aptamer, an anti-HIV
proliferation and inhibition of differentiation. The nuclease oligonucleotide, and several quadruplexes derived from telo-
hypersensitivity element (NHE) III within the c-MYC mere sequences, suggest that GRO29A forms an intramole-
promoter controls 85-90% of c-MYC transcription; Siddiqui- cular G-quartet structure rather than an anti-parallel dimer
Jain et al. [42] identified a G-rich repressor element, Pu27, structure. In these studies, potassium, which stabilizes folded
capable of forming a G-quartet chair structure within NHE G-quartet structures, was shown to promote the activity of
III. G-quartet formation by Pu27 is biologically relevant these G-rich ODNs [52].
since disruption of G-quartet chair formation results in a 3-
fold increase in transcriptional activation of c-MYC. 2.7. Design of G-Quartet ODN to Inhibit Stat3 Activity
Furthermore, variation of the sequence within the promoter for Cancer Therapy
region that alters the ability of intra- and inters molecular G- Consideration of signal transducer and activator of
quartets to form within this region alters transcriptional transcription (STAT) 3 as a target for anti-cancer drug design
activation of c-MYC, indicating that G-quartets may is based upon the findings that Stat3 is a critical mediator of
comprise on/off gene switches important for the regulation oncogenic signaling that is activated in 82% of prostate
of the c-MYC gene and perhaps other genes as well. cancers [53], 69% of breast cancers [54], 82-100% of

squamous cell carcinoma of the head and neck [55], 71% of
2.4. G-Rich DNA Triggers p53-Dependent Cell Cycle nasopharyngeal carcinoma [56], as well as in many other
Arrest cancers [57-59]. Activated Stat3 up-regulates the expression

It is known that single stranded DNA fragments within of anti-apoptotic proteins, such as Bcl-xL and Mcl-1, thereby
decreasing spontaneous apoptosis of cancer cells [60, 61].mammalian cells can trigger a p53-dependent cell cycle Evidence has accumulated that targeting Stat3 and decreas-

arrest [43]. G-rich single stranded DNA, (TTAGGG) 2  ing its activity can block tumor cell growth and enhance
capable of forming G-quartets was found to induce a p53- apoptosis of cancer cells in which Stat3 is constitutively
dependent proliferation arrest [44]. Although the mechanism activated [62-641. The rationale for targeting Stat3 for cancer
for G-rich ODN activation of p53 is currently unknown, the t he ratioae for arting ta frac
resulting cellccearsi otherapy also has been reviewed in other articles in thisresutin cel ccle rret i loger astng n hman journal issue [2, 65].
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We have developed G-quartet oligodeoxynucleotides vitro and within cells, (iv) rational optimization of drug
(GQ-ODNs) as potent inhibitors of Stat3 activity that result candidates and (v) assay of in vivo drug activity.
in the decreased expression of Stat3-regulated genes, bcl-x
and Mcl-1, in cancer cells [66]. These agents inhibit the 3.2. Establishing a Structure-Activity Relationship
DNA-binding activity of Stat3 preferentially among mem- A structure-activity relationship (SAR) is a central theme
bers of the STAT protein family. Based upon the crystal for rational drug design and was a critical step in establishing
structure of the Stat3 3 homodimer and the NMR structure of fotenttinalidr of anw ac riticar step of the
GQ-ODN [67, 68], a model of GQ-ODN binding to Stat3 apotent inhibitor of Stat3 activity. A molecular model of the
homodimer has been constructed that can be exploited for GQ-ODN/Stat3l3 complex was first constructed based upon
rational drug design. Docking computations resulted in a the experimental evidence, which showed that the GQ-ODNs
model in which GQ-ODN insert between the two SH2 inhibit Stat3 DNA-binding activity by targeting activated
domains of the Stat3 homodimer resulting in dimer destabi- Stat3 dimer, not Star3 monomer, and tharatment of cells
lization. When administered intravenously using a novel with GQ-ODN reduced levels of phosphorylated Stat3, butdrugdelverysysem, he Q-ON T4214dramticlly not total Stat3 within the nucleus [66]. This model also
drug-delivery system, the GQ-ODN T40214 dramatically incorporated the results of docking studies using the
inhibited the growth of prostate and breast tumor xenografts GRAMM docking program in which the NMR structure of
in nude mice [69]. Biochemical and histological examination GRAMM docked on theof tumors from mice treated with T40214 demonstrated GQ-ODN T30923 [68] was randomly docked onto the
dramatically reduced expression of anti-apoptotic proteins, crystal structure of the Stat3 P dimer [67] two thousand timesBcl-2 and Bcl-xL, increased cleavage of caspase 3, and without setting any binding site restrictions. Analysis of themarkedly increased apoptosis of tumor cells compared to distribution of H-bonds formed between GQ-ODNs andmice receiving placebo treatment. Stat3p3 dimer demonstrated that the binding site with thehighest binding probability was located within the SH2

3. USE OF A RATIONAL DRUG DESIGN STRATEGY domains of each Stat3 3 from residues 638 to 650 (Fig. 2A).

TO DEVELOP GQ-ODN AS A NEW CLASS OF STAT3 This region plays a critical role in Stat3 dimerization and

INHIBITORS FOR CANCER THERAPY was consistent with the experimental observations demons-
trating that GQ-ODN destabilized Stat3 dimers [66].

Rational drug design has become a highly developed Based upon the molecular model, a structure-activity
technology that uses computational approaches to design or relationship of GQ-ODN inhibitors was developed [69]. In
identify new agents for cancer therapy. The design of a new these studies, we docked three GQ-ODNs, T30923, T40214
class of molecules that bind to a macromolecular target and T40216, onto the SH2 domains of the Stat3 dimer one
requires consideration of the type of intermolecular interac- thousand times and analyzed the distribution of H-bonds
tion between the inhibitor and target molecule, the geometric formed between GQ-ODNs and the residues 638 to 650
relationship between their interacting groups, and the size, within the SH2 domains of Stat3 dimer. Quantitation of the
shape, and polarity of the inhibitors. In this section, we distribution of H-bonds formed between each of the three
outline a rational strategy recently used to design a potent GQ-ODNs and the Stat3 dimer, especially the percentage of
GQ-ODN inhibitor of Stat3 activity that integrates structural H-bonds that occurred within this critical region, revealed
information with experimental assays to optimize the anti- that 27% of the H-bonds formed between T30923 and the
cancer effects of the inhibitor in vitro and in vivo. Stat3 dimer occurred within this region, 30% of the H-bonds

3.1. Strategy of Rational Drug Design for GQ-ODN formed by T40216 occurred within this region, and that
T40214 had the highest percentage of H-bonds formed in

The strategy for rational design of GQ-ODNs as inhibi- this region with 35% [69]. The percentage of H-bonds
tors of Stat3 activity employed in our laboratory (Fig. 1) formed within the critical region of Stat3 SH2 for each GQ-
consists of several parts: (i) structure-based drug design, (ii) ODN was directly correlated with its ability to inhibit Stat3
chemical synthesis, (iii) assays of candidate drug activity in DNA binding activity in vitro (IC50 of T30923, T40216 and

drug design :systemi

Fig. (1). Scheme of rational drug design for G-quartet DNA drugs.
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Fig. (2). (A) Model of GQ-ODN T40216 bound to dimers of Stat3 SH2 showing the top-loop domain of T40216 interacting with residues
Q643, Q644, N646, N647 and E638 of Stat3 (space-filling model). (B) Histogram of H-bonds for T40216 residues interacting with Stat3.
The arrows point to the loop residues of T40216. (C) Plot demonstrating the relationship between the percent of GQ-ODN H-bonding
localized from residues 638 to 650 and its IC50 against Stat3 [69]. The linear fitting coefficient is 0.91.

T40214 = 25, 12 and 7 ^tM, respectively [66]). Furthermore, showed that the loop residues of GQ-ODNs have the highest
analysis of the histogram of H-bond distribution as a probability of interacting with the SH2 domains of the
function of residues within GQ-ODN T40216 (Fig. 2B) Stat3 dimer. Analogues of the G-quartet ODN T30923 were
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designed and synthesized through modification of the NMR poorly, corresponding to lower inhibition Stat3 activa-
structure of GQ-ODN T30923 using the INSIGHTII/ tion [66].
DISCOVER programs. Each analogue was docked onto the (iii) Substitution of residue T with C in the top-loop domainSH2 domains of Stat3 dimner one thousand times. CombininubtttonogeideIwthCi hetplopdmi

e ining enhances drug activity. T30923 was determined to have
the results of the docking analysis with their IC50s revealed a two central G-quartets and two G-T-G-T loops--one
linear correlation between the percentages of GQ-ODN H- each on the top and bottom [68]. The results of CD and
binding within the critical site of Stat3 and the IC50 of non-denatured gels showed that T40214 with two G-C-
inhibition of Stat3 DNA binding activity (Fig. 2C), success- G-C loops and T40212 with one G-T-G-T loop on top
fully establishing a SAR between GQ-ODNs and the Stat3 and one G-C-G-C loop on the bottom formed the same
dimer [69]. The linear correlation indicates that the higher G-quartet structures as that of T30923 [71]. IC50s of
the percentage of GQ-ODN-Stat3 H-bond formation within inhibition of Stat3 DNA-binding activity for T30923,
the binding site of GQ-ODN to Stat3, the greater it ability to T40212 and T40214 are 25, 35 and 5 WM, respectively.
inhibit Stat3. The loop residues of GQ-ODNs are considered The exchange of residues T with C in the loop domains
to be the most critical, and modifying these residues may provides evidence that the top-loop domain of GQ-
improve the potency of the GQ-ODN. ODNs, including the residues GI, C8, G9 and C16, is

With the establishment of this structure-activity relation- the most critical part of GQ-ODN interacting with Stat3,
ship, it is possible to design or screen for a more bioactive and suggests that cytosine (C) has a greater binding affi-
GQ-ODN. A GQ-ODN capable of interacting with the Stat3 nity for Stat3 than thymidine (T). Thus, QSAR results
dimer with a greater percentage of H-bonding within the obtained from rational optimization are extremely
SH2 domain-binding site would be a good candidate for important to obtain a GQ-ODN with optimal bio-
synthesis and further drug testing. chemical activity.

3.3. Rational Optimization Using Quantitative Structure- Table 1. Relationship Between the Structure of GQ-ODN and
Activity Relationship (QSAR) Its Inhibition of Stat3 Activation

Rational optimization is an iterative process in which
lead compounds are systematically modified to improve their Oligo Sequence IC50 (pAM)
potency and specificity using QSAR. Based upon the model
of the GQ-ODN/Stat3 complex, the structure of each A) Variation of Loop Structure.
designed GQ-ODN was generated and docked onto the SH2
domains of the Stat3 dimer. The binding interaction between T40217 GGGGTGGGTGGGTGGGTT 64
the designed GQ-ODN and Stat3 was analyzed. QSAR was T30923 GGGTGGGTGGGTGGGT 25
developed by combining the docking data of each GQ-ODN
with its IC 50 of inhibition of Stat3. QSAR contains informa- T40231 GGTGGGTGGGTGGG 10
tion about several aspects important for designing more
potent inhibitors, such as loop structure, length of the G- B) Variation of G-quartet length.
quartet stem, and exchange of loop residues (Table 1 and T30923 (GGGT)4  25
Fig. 3).

T40215 (GGGGT)
4  49

(i) The loop structure of GQ-ODN is a critical component
that can be modified to improve drug activity. GQ- T40216 (GGGGGT) 4  202
ODNs T40217, T30923 and T40231, differ in the length C) T<---C exchange of loop residues.
of their top-loop structure. Two residues were added to
T30923 to form T40217 while two residues were T30923 GGGTGGGTGGGTGGGT 25
removed to form T40231. The IC 50 of T40217, T30923
and T40231 determined by electrophoretic mobility shift T40212 GGGCGGGTGGGCGGGT 35
assay (EMSA) are 64, 25 and 10 ltM, respectively. T40214 GGGCGGGCGGGCGGGC 5
Therefore, decreasing the top-loop residues resulted in
increased drug activity.

(ii) Increasing the length of the G-quartet stem caused a o Design of a GQ-ODN Specifically Targeting Stat3

decrease in drug activity. GQ-ODN T30923, T40215 Among other STAT Protein Members

and T40216 with two, three and four central G-quartets, Specificity of drug action is a critical factor for
were demonstrated to have G-quartet stem lengths of successful clinical use of a new agent. Specifically targeting
about 15, 19 and 24 A, respectively [70]. Table 1 shows Stat3 among other STAT protein members is a highly
that IC 50s of inhibition of Stat3 DNA-binding activity desirable goal to achieve in designing GQ-ODNs that inhibit
for T30923, T40215 and T40216 are 25, 49 and 202 cancer cell growth. This sort of specificity is necessary to

^tM, respectively, in cancer cells. It is clear that GQ- minimize the potential toxic and immunosuppressive side
ODN with longer G-quartet stems have a lower drug affects of the drug. Based upon the sequence alignment and
activity in cells, suggesting that the size of GQ-ODN is known structures, the STAT protein family member that
a key factor in determining drug activity. GQ-ODNs most closely resembles Stat3 is Statl [67, 72]. Within cells
with longer stems were also found to enter into cells expressing both STAT proteins, Statl heterodimerizes with
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Fig. (3). Schematic structures of G-quartet oligonucleotides.

Stat3 in response to several cytokines including IL-6. negative effect on cell proliferation and promotes apoptosis

Furthermore, Stat3 and Stati share more than 50% amino [73]. Therefore, specificity of targeting Star3 and not Stati

acid sequence homology in the region of their respective would have the additional advantage of leaving the natural

SH2 domains. However, in contrast to Stat3, StatlI has a anti-proliferative and anti-apoptotic effects of Statl1 intact.



Rational Drug Design of G-Quartet DNA as Anti-Cancer Agents Current Pharmaceutical Design, 2005, VoL 11, No. 00 7

To develop a GQ-ODN that inhibits Stat3 and not Statl, (i) Binding of the lipid/DNA complex onto the cell mem-
and to gain insight into how a GQ-ODN may preferentially branes and uptake by the cell. Electrostatic interactions
inhibit Stat3 while sparing Statl, we employed computer- are the primary driving force for the binding of the
based docking analysis to simulate the interaction between lipid/DNA complex to the cell membrane [74, 75]. The
drug and target molecule and to identify the potential internalization of the lipid/DNA occurs mainly through

binding sites on the target molecule. The GQ-ODN T40214 endocytosis. The main differences in binding efficiency

was randomly docked onto the crystal structure of Stat3 P and between different lipid/DNA systems are most likely

Statl homodimer two thousand times without setting any related to their physical properties, such as stability, size

binding restrictions, as described previously [66]. Docking and charge density. The charge ratio between cationic
within the STAT homodimer ranged from amino residues lipids and DNA, and the duration of incubation are291 to 716 in one protein and continued from amino residue important parameters for efficient delivery; an increase

916 to 916 in theopartne r protein . Thiangcu ed eincomassued in the charge ratio and incubation time usually will716 to 291 in the partner protein. This range encompassed result in higher delivery efficiency.
several critical domains including the coiled coil domain, the
DNA-binding domain, the linker domain, the SH2 domain (ii) Release of ODNs into the cytoplasm. DNA is released
and the phosphotyrosine-containing C-terminal tail. Analysis into the cytoplasm most likely by disruption of the endo-
of the histograms of H-bonds formed between the GQ-ODN somal membrane, caused by the interaction between

and the Stat313 or Statl homodimer showed that H-bonds cationic lipid and anionic molecules present in the

formed between GQ-ODN and Stat3 were concentrated membrane. For various types of liposomes, differences

within the SH2 and DNA-binding domains. In contrast, H- in the frequency of endosomal membrane disruption can

bonds formed between GQ-ODN and Statl were spread out occur due to the structure of the hydrophobic part of the

over the whole Statl structure [66]. Delivery of the GQ- cationic lipid. Dioleoyl phosphatidyl ethanolamine

ODN T40214 into HepG2 cells resulted in 50% inhibition of (DOPE) is often used as a lipid helper to facilitate
ODN T402disruption of the endosomal membrane. Variation of the

IL-6-stimulated Stat3 activity at a concentration of 10 PM ratio of DOPE/liposome affects the percentage and

T40214. In contrast, 50% inhibition of Statl was not speed of DNA released from lipid/DNA complexes.

achieved with concentrations of T40214 up to 142 pM [69].

These results provide solid evidence that GQ-ODN T40214 (iii) Penetration of GQ-ODN into the nucleus. After G-rich

selectively inhibits activation of Stat3 but not Stat 1 in cancer ODNs are released into the cytoplasm, they form G-

cells [69], and are consistent with the results of our docking quartet structures induced by the high concentration of

studies. K+ ions inside cells [66, 71]. The highly stable and com-
pact G-quartet structure greatly enhances its ability to

3.5. A Novel Intracellular Delivery System for GQ-ODNs resist nuclease digestion and makes it possible for GQ-
ODNs to enter the nucleus by passive diffusion through

An effective intracellular delivery system is essential for nuclear pores.
successful development of DNA drugs as agents to treatsuccssfl dvelpmen ofDNAdrus asagets o teat The results of the experiments shown in Fig. (4) reveal
cancer. The principal difficulty of delivering GQ-ODNs into The res of the e peri e sn in F ig ( el
cells arises from the physical and structure properties of GQ-
ODNs. GQ-ODNs cannot directly penetrate through cell After being cultured for 3 hours with G-rich ODNs alone or

membranes [71]. Furthermore, GQ-ODNs with desirable in a complex with PEI, the cells were washed with fresh
characteristics, i.e. reduced tendency to aggregate and an medium to remove unbound ODNs or complexes, and then
overall neutral G-quartet structure, have a reduced capacity the incubation was continued for 24 hours in fresh, drug-free
to be incorporated into liposomes. The delivery efficiency medium. G-rich ODNs were extracted from the cells and
for lipid/DNA complexes is also inhibited by the presence of analyzed on a non-denatured gel after the incubation (Fig.
serum. However, the inhibitory effect of serum can be 4B). G-rich ODN T40214 complexed with PEI was released
overcome by increasing the charge ratio of cationic liposome into the cytoplasm and readily formed G-quartet structures
to DNA. Denaturing the G-quartet structure is required for (lane 2). In contrast, little T40214 G-quartet formation was
their incorporation into liposomes. The denatured G-quartet detected within extracts of cells incubated with T40214
molecules have a high anion charge density, which increases without PEI (lane 4), indicating that GQ-ODN alone pene-
the probability of incorporation with liposomes and trates poorly into cells. Compared with T40214, T30923 has
decreases the inhibitory effect of serum. A novel intracellular a much lower efficiency of intracellular delivery. Previous
delivery system for GQ-ODNs has been developed (Fig. 4A) studies demonstrated that T30923 forms a G-quartet struc-
that is based upon the ability of potassium cation to induce a ture at 5 mM KC1, a condition occurring outside of cells.
folded G-quartet structure, and exploits the difference in K' Thus T30923 formed G-quartet structure before entering the
ion concentration inside (140mM) and outside (4mM) cells, cells, resulting in a decreased intracellular delivery [71]. To
A G-rich ODN, T40214, was designed to form a random coil assess the impact of G-quartet formation within the cell on
at low K÷ concentration, which facilitated its incorporation Stat3 activity, especially within the nucleus, we isolated
into liposomes, and to form a folded G-quartet structure at nuclear proteins from cancer cells stimulated with IL-6 24
higher intracellular K' ion concentration, which enabled it to hours after a 3-hr incubation with T40214/PEI complex. The
interact with Stat3 and resist endonuclease digestion. reuls dotrate-h at with T40214 inhbied TheS~results demonstrated that GQ-ODN T40214 inhibited IL-6-

The intracellular delivery of GQ-ODNs is composed of stimulated Stat3 activation in nuclei as the concentration of
three steps: T40214 was increased from 3.5 to 70 [gM (Fig. 4C).
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Fig. (4). (A) Scheme of the intracellular delivery system for G-quartet DNA drugs. (B) A non-denatured gel, showing that the molecules of
T40214 and T30923 were delivered inside cells 24 hours after PEI/DNA complexes incubated in cells. Lane 1 is free T40214 in the G-
quartet structure as a control. Lanes 2 and 4 show T40214 delivered with and without PEI, respectively. Lanes 3 and 5 show T30923
delivered with and without PEI, respectively. (C) Immunoblot of nuclear extracts of HepG2 cells pre-incubated with media (0), PEI alone
(PEI) or T40214/PEI at the indicated concentrations for 3 hr. Cells were then washed and incubated in medium alone for 24 hr before
stimulation with IL-6 (25 ng/ml); nuclear extracts were separated by SDS-PAGE and immunoblotted with anti-phosphotyrosine antibody
(pY705) ofStat3 (p-Stat3).

3.6. Activity of GQ-ODN is Increased by a Novel Delivery PEI, washed twice with fresh medium to remove unbound
System DNA/PEI complex, incubated in medium without T40214/

PEI for 72 hours, then stimulated with IL-6 for 30 min.To further assess the importance of an efficient delivery EMSA of cell extracts demonstrated that incubation with
system for GQ-ODN activity, we examined the inhibition of T40214/PEI resulted in 50% inhibition of Stat3 activation at

IL-6-stimulated Stat3 activation by GQ-ODN T40214 in
HepG2 cells 72 hours after cells were incubated with a T40214 concentration of 10 [iM. In contrast, no inhibitionHepG cels 7 hors atercels wee icubaed ith of Stat3 activation was observed in extracts of cells
T40214 with or without PEI [69]. In this experiment, HepG2 ofcubate ivation as of as

cells were incubated for 3 hrs with T40214 with or without incubated in T40214 alone at concentrations as high as 142
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[tM, confirming our previous observation that GQ-ODN inhibitory effect on the growth of established prostate and
alone without carrier has low biological activity, breast cancers in nude mice when administered by intra-

RNAse protection assays (RPA) were also performed on venous injection, and shows promise as a therapeutic agent

RNA from cells incubated with T40214/PEI to examine their for these cancers in humans (Fig. 5B).
effect on mRNA levels of Stat3-regulated genes such as Bcl- 3.9. GQ-ODN is a New Class of Anti-Cancer Agent
XL and Mcl-l. Bcl-xL is an anti-apoptotic protein within the
Bcl-2 family, and is the major protein translated from the To determine the mechanism of inhibition of tumor
bcl-x gene [76-78]. Mcl-1 also represents a survival factor xenograft growth by T40214, we harvested the prostate
for human cancer cells [79]. The results of pre-incubation of tumors from drug- and placebo-treated mice after 10 days of
HepG2 cells with T40214/PEI complexes demonstrated that treatment and extracted proteins to assess levels of activated
Bcl-x mRNA was completely inhibited by T40214 at 50ng/ Stat3 protein (Stat3 phosphorylated on Y705, p-Stat3), Bcl-
gl and Mcl-I mRNA was suppressed about 50% at the same xL and Bcl-2 proteins, and activated caspase 3. In xenografts
concentration ofT40214 [66]. from drug-treated animals, levels of p-Stat3, Bcl-XL and Bcl-

2 decreased 9, 4 and 10 fold, respectively, while caspase 3
3.7. Delivery of GQ-ODN In vivo cleavage products increased 3-fold compared to xenografts

To determine if GQ-ODNs can be effectively delivered from placebo-treated mice. Deoxynucleotidyl transferase

into cells in vivo, fluorescent labeled T40214 plus PEI was (TdT)-mediated dUTP-biotin nick end-labeling (TUNEL)

injected into the tail vein of male and female mice and rats. was performed as an assay for apoptosis and revealed an 8-

Twenty-four hours after infusion, animals were sacrificed, fold increase in apoptotic cells within xenografts from drug-

The organs were harvested, frozen, microtome sectioned and treated mice compared to xenografls from placebo-treated

examined by fluorescence microscopy. Intracellular fluore- mice [69].

scence indicative of GQ-ODN T40214 uptake was observed The growth inhibitory effects of GQ-ODN T40214 are
in all tissues examined including the prostate gland and mediated through inhibition of Stat3 activation and reduction
breast of mice and rats (Fig. 5A). Importantly, fluorescence of Bcl-2 and Bcl-XL protein levels. Bcl-2 and Bcl-XL, which
was readily detected within tumor xenografts isolated from have ion channel activity, have been reported to inhibit
nude mice [69], indicating that GQ-ODN enter their cancer release of cytochrome C from mitochondria [80, 81]. Block-
cell targets when administered intravenously with PEI. ing the expression of Bcl-2 and Bcl-xL can increase the

release of cytochrome C, resulting in activation of the cas-
3.8. In vivo Tests for drug Candidates pase cascade, which includes caspase 3, leading to apoptosis.

Examination of the effectiveness of a drug in animal 3.10. Potential for Increasing the Anti-Tumor Activity of
models is an important step on the way to establishing its GQ-ODN
potential clinical utility. Nude mice with tumor xenografts
were used as an animal model for in vivo drug testing to The effect of GQ-ODNs on tumor suppression strongly
evaluate the potential of GQ-ODNs as anticancer agents. depends on the difference between the rates of cancer cell
Nude mice were injected subcutaneously with human cancer growth and cell death. In the GQ-ODN-treated PC-3 prostate
cell lines, such as prostate (PC-3) and breast (MDA-MB- tumors, cell growth presumably is faster than cell death;
468), in which Stat3 is constitutively active. When tumors while in GQ-ODN-treated MDA-MB-468 breast tumors, the
were established, mice were randomly assigned into two rate of tumor cell growth is equal to the rate of cell
groups. One group (drug-treated) received T40214/PEI apoptosis. Several factors may influence the drug activity
complexes and the other group (placebo) received PEI alone level in vivo including differences in expression and effects
every other day. The results demonstrated that the mean size of Stat3 in each tumor, and differences in the concentration
of the prostate tumor xenografts of placebo-treated mice of drug required to enter into a tumor cell and inhibit Stat3.
increased by 9 fold while that of drug-treated mice increased Therefore, it is important to identify the optimum conditions
by only 2.2 fold (p=0.001). Similarly, the mean size of the for treatment of each human cancer, including the necessary
breast tumor xenografts of placebo-treated mice increased drug concentration, the ratio of PEI/ODN and the interval
6.7 fold while that of drug-treated mice remained unchanged time between treatments.
(p=0.006) [69]. The statistic t-test calculation was also
performed to determine the tumor growth rates, using the 4. SUMMARY
function [t=(XI-X 2)/Sp 2( 1/ni+1/n)' 2 ], where X, and X2 are 4.1. Mechanism of GQ-ODN as an Inhibitor of Stat3
the average values of tumor sizes of the placebo and drug-
treated groups, respectively, and Sp2 is a pooled variance. We modeled the inhibition of Stat3 by GQ-ODNs as
The results showed that the average rates of prostate tumor shown in Fig. 6. Monomers of Stat3 in the cytoplasm of
growth (PC-3) for placebo-treated and drug-treated mice unstimulated cells become activated by cytokines or growth
were increased by 23%/day and 10%/day, respectively, and factor receptors, including IL-6 and EGFR. Stat 3 is also
that the average rates of breast tumor growth (MDA-MB- recruited by intrinsic or receptor-associated tyrosine kinases,
468) for placebo-treated and drug-treated mice were such as JAK. Tyrosine phosphorylation of Stat3 induces
increased by in 13%/day and decreased by 0.4%/day, respec- formation of active Stat3 dimers via its SH2 domains, and
tively. This 5 mg/kg dose of GQ-ODN T40214 suppressed the activated Stat3 dimers translocate to the nucleus, where
tumor growth rate by more than 10%/day compared with the they bind to DNA-response elements in the promoters of
rates for placebo mice. T40214 had a dramatic in vivo target genes and activate specific gene expression programs
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Fig. (5). (A) Non-fluorescent micrographs (200x magnification) (left panels) show the tissues of breast and prostate gland and fluorescent
micrographs (right panels) show the distribution of labeled T40214 in the same tissues of breast and prostate gland. (B) In vivo drug tests by
intravenous injection of T40214 after establishing prostate tumors (PC-3) on nude mouse xenografts. The injections were performed every
two days with T40214 (5mg/kg) plus PEI (2.5mg/kg) as drug treatments and with PEI alone as placebo treatments. Photographs of
representative mice at the start of treatment (upper panels) and on day 11 after five treatments (lower panels).

[57-59]. GQ-ODNs are delivered into the cytoplasm by PEI/ the search for a lead compound using molecular modeling
DNA complexes. Induced by the elevated K+ concentration tools, synthesis of new drug candidates, and measurement of
within the cytoplasm, ODNs form G-quartet structures, physical and biological properties of the modified candi-
which diffuse into the nucleus and inhibit activation of dates. Rational optimization can increase the success rate for
phosphorylated Stat3. The inhibition of Stat3 activation a preclinical candidate and enable the prediction of their drug
decreases expression of Stat3-regulated genes, notably those properties such as efficacy, toxicity and side effects. Also,
encoding anti-apoptotic proteins, such as Bcl-xL, Bcl-2 and optimization can make a backup rapidly available when a
Mcl-i, which reduces their levels below a critical threshold candidate is found to have inadequate drug properties in
and triggers cell apoptosis. clinical trials.

A drug design system is based upon two assumptions: (i)
4.2. Rational Design of G-Quartet DNA Drugs The structure of the target molecule contains a binding site

A rational drug design system involves successive rounds with a reasonably defined molecular shape, and (ii) the
of construction of a model for the inhibitor-target complex, structure of the inhibitor/target molecule complex obtained
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Fig. (6). Scheme of the mechanism of inhibition of Stat3 by GQ-ODNs.

from docking is a useful starting point for searching for an of GQ-ODN H-bond formation within this region of Stat3
effective inhibitor. There are several docking programs SH2, the greater its ability to inhibit Stat3 activation within
available for drug design, such as INSIGHTII/DOCK, cells. This is an important step towards optimizing the design
AUTODOK, and GRAMM. To construct a drug design of GQ-ODN inhibitors of Stat3.
system, we employed a statistical docking system using
GRAMM and randomly docked the known structure of GQ- 4.3. Advantages of G-Quartet DNA Drugs
ODN into the crystal structure of the Stat3p3 dimer one or GQ-ODNs as DNA drugs for cancer therapy have several
tw o thousand tim es w ithout setting binding site restrictions. n v l a di p ra tf a u e .G rc D s wt t b e GThe results of the statistical docking demonstrated the quaret st ipruc t eture s diecl -itracht D with tare moaleules

probabileidetyifie thn interation beten d rug aie ndth target functioning in a manner similar to small molecule inhibitors.
molecule, idntiid etabihed apstructial bidnoftso the G-N/target Large active sites are difficult to target using small molecular

imoercumle, and esabiher structure-se drug esg [66].Stt~ inhibitor approaches. However, the size of the G-quartet
dime cople forourstrctur-baed rug esin [61.structure makes it possible to block target molecules with

Structure-activity relationship (SAR) has proven to be large active sites such as the SH2 domains of Stat3 homo-
extremely useful in the design of biologically active dimers. Thus, GQ-ODN can be considered a complementary
molecules. SAR correlates the relative biological potency of approach to small molecular inhibitors targeting molecules
inhibitors with their physical properties. Establishing a with large active sites, such as Stat3. The intramolecular G-
specific SAR is a key stop for each drug design system. For quartet structure prevents single-strand endonucleases from
example, the SAR of G-quartet DNA oligodeoxynucleotides accessing their cleavage sites, leading to a long oligonucleo-
as inhibitors of HIV-1 integrase has been established pre- tide half-life in serum and inside cells [82]. Also, G-quartet
viously [24] The stability-activity correlation demonstrated ODNs demonstrate low toxicity. Toxicity studies have been
that the structural stability of G-quartet DNA oligodeoxy- reported for a GQ-ODN, T30177 (AR177), as an inhibitor of
nucleotides is an important determinant for inhibition of HIV-1 integrase [83]. T30177 did not exhibit genetic toxicity
HIV-1 integrase activity in vitro and in cells. As another in three different mutagenic assays: Ames/Salmonella muta-
example, a linear SAR was recently established that directly genesis assay, CHO/HGPRT mammalian cell mutagenesis
correlated the ability of a GQ-ODN to bind to a region assay, and mouse micronucleus assay. Acute toxicity studies
within the Star3 SH2 domain, which is critical for dimeri- in mice showed that the GQ-ODN T30177 has an LD50
zation, with its ability to inhibit Stat3 activity within cells (dose lethal to 50% of treated animals) at greater than or
[69]. The correlation indicated that the higher the percentage equal to 1.Sgikg body weight. Multiple dose toxicity studies
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in mice showed that T30177 did not cause male-specific [12] Sundquist WI, Klug A. Telomeric DNA dimerizes by formation of

mortality or changes in serum chemistry, hematology, and guanine tetrads between hairpin loops. Nature 1989; 342: 825-8.

histology until doses reached 250 and 600 mg/kg, which are [13] Smith FW, Feigon J. Quadruplex structure of Oxytricha telomeric
DNA oligonucleotides. Nature 1992; 356: 164-8.

more than 100-fold that of the therapeutic dose. Hence, [141 Kang CH, Zhang X, Ratliff R, Moyzis R, Rich A. Crystal structure
structure-based drug design of GQ-ODNs increases the of four-stranded Oxytricha telomeric DNA. Nature 1992; 356: 126-
likelihood of designing a potent drug with better specificity 31.
and a lower toxicity profile. [15] Fry M, Leob LA. The fragile X syndrome d(CGG)n nucleotide

repeats form a stable tetrahelical structure. Proc Natl Acad Sci

CONCLUSION USA 1994; 91: 4950-4.
[16] Sundquist WI, Heaphy S. Evidence for interstrand quadruplex

A novel inhibitor of Stat3 will be helpful both as a single formation in the dimerization of human immunodeficiency virus I
agent treatment, and as part of combination therapy. Current genomic RNA. Proc Natil Acad Sci USA 1993; 90: 3393-7.
tatments treatme andras nparteofcombinde tatin aera . C rent [17] Awang G, Sen D. Mode of dimerization of HIV-I genomic RNA.
treatments for androgen-independent prostate cancer have Biochemistry 1993; 32: 11453-7.
not shown a definitive increase in survival [84]. The treat- [18] Sen D, Gilbert W. Formation of parallel four-stranded complexes
ment options employed for patients with advanced and by guanine-rich motif for meiosis. Nature 1998; 334: 364-6.
metastatic cancer, such as surgery, radiation, hormone [19] Williamson JR. G-quartet structures in telomeric DNA. Annu Rev

therapy and chemotherapy, are limited [85]. Metastatic Biophys Biomol Struct 1994; 23: 703-30.
breast cancer also remains incurable using the currently [20] Gilber DE, Feigon J. Multistranded DNA structures. Curr Opin

Struct Biol 1999; 9: 305-14.
available chemotherapeutic treatments. G-quartet DNA [21] Rhodes R, Giraldo R. Telomere structure and function. Curr Opin
targeting Stat3 induces tumor cell apoptosis when delivered Struct Biol 1995; 5: 311-22.
to tumor xenografts following intravenous injection. There- [22] Shafer RH, Smimov I. Biological aspects of DNA/RNA
fore, the G-quartet DNA drugs represent a novel class of quadruplexes. Bioplolymers 2001; 56: 209-27.
therapeutic agents that hold promise for the systemic [23] Sen D, Gillbert W. A sodium-potassium switch in the formation of

treatment of prostate and breast cancers, particularly since four-stranded G4-DNA. Nature 1990: 344: 410-4.
Stat3 is activated in 82% of prostate cancer cells [53] and [24] Jing N, De Clercq E, Rando FR, Pallansch L, Lackman-Smith C,Lee S, et al. Stability-activity relationships of a family of G-tetrad
70% of breast cancer cells [54]. A G-quartet DNA could also forming oligonucleotides as potent HIV inhibitors. J Biol Chem
be a powerful non-antisense agent for other human cancers 2000; 275: 3421-30.
where Stat3 is active. [25] Pilch DS, Plum GE, Breslauer KJ. The thermodynamics of DNA

structures that contain lesions or guanine tetrads. Curr Opin Struct
Biol 1995; 5: 334-42.
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